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INTRODUCTION

Taxonomic arrangements for the cormorants and

shags (Phalacrocoracidae) had varied greatly until two
quite similar arrangements, one based on behavior and
the other on osteological characters, became the basis
for current thought on the evolutionary relationships of
these birds. The terms cormorant and shag, which had
previously been haphazardly applied to members of the
group, became the vernacular terms for the two major
subdivisions within this family. The two taxonomies dif-
fer in places, however, with the behavioral taxonomy
placing several species within the shags and the osteo-
logical taxonomy and phylogeny grouping those species
(as the marine cormorants) and placing them within the
cormorants. In an attempt to resolve the differences in
the relationships hypothesized by behavior and mor-
phology, we sequenced three mitochondrial genes (12S,
ATPase 6, and ATPase 8). Initial equally weighted parsi-
mony trees differed slightly from our two weighted par-
simony trees, one of which was also our maximum-like-
lihood tree. Many of the branches within our trees were
well supported, but some sections of the phylogeny
proved difficult to resolve with confidence. Our se-
quence trees differ substantially from the morphological
phylogeny and show that neither the shags nor the cor-
morants are monophyletic, but form an intermingled
group. Some of the groups supported by both the behav-
ioral and the morphological taxonomies (e.g., the cliff
shags, Stictocarbo) appear to be polyphyletic. Con-
versely, the monophyly of the blue-eyed shags, a tradi-
tional group that the osteological analysis had found to
be paraphyletic, was supported by the sequence data.
Until more taxa are sampled and a fully robust phylog-
eny is obtained, a conservative approach accepting a
single genus, Phalacrocorax, for the shags and cormo-
rants is recommended. © 2000 Academic Press
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The monophyly of the traditional Order Pelecani-
formes (pelicans, anhingas and darters, boobies, gan-
nets, cormorants and shags, frigatebirds, and trop-
icbirds) is the subject of an ongoing debate (e.g., see
Cracraft, 1985; Sibley and Ahlquist, 1990; Hedges and
Sibley, 1994). This debate places two types of data in
opposition to one another. Morphological evidence sup-
ports the monophyly of the pelecaniforms (Cracraft,
1985), whereas molecular evidence questions the
monophyly of the group (Sibley and Ahlquist, 1990;
Hedges and Sibley, 1994; Siegel-Causey, 1997). Simi-
larly, two types of data support different taxonomic
arrangements within the cormorants and shags (Pha-
lacrocoracidae). The two most important recent classi-
fications for the shags and cormorants (see Johnsgard,
1993) are the morphological taxonomy of Siegel-Cau-
sey (1988) and the behavioral taxonomy of van Tets
(1976). Although these two taxonomies generally agree
with one another, they also disagree on the placement
of several taxa.

The cormorants and shags contain more than half
the species within the pelecaniforms and are widely
accepted as being most closely associated with the
darters and anhingas (Anhinga), gannets (Morus), and
boobies (Sula) (see Siegel-Causey, 1988; del Hoyo et al.,
1992; Johnsgard, 1993; Siegel-Causey, 1997). Although
the morphological and behavioral taxonomies disagree
(particularly in the placement of one group of species),
they are also quite similar, differing mainly in rank
(i.e., the use of genera and subgenera in one case or
subfamilies and genera in the other, see Table 1).
These taxonomies and the phylogeny of Siegel-Causey
(1988) form the basis of current thought on the evolu-
tionary relationships within the shags and cormorants
(e.g., see Marchant and Higgins, 1990; del Hoyo et al.,
1992; Johnsgard, 1993).

van Tets (1976) used his knowledge of the behavior,
ecology, and anatomy of the shags and cormorants to
classify the Phalacrocoracidae into two genera and a
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total of five subgenera (see Table 1). The two genera
equate to what van Tets (1976) described as the shags
and cormorants (Leucocarbo and Phalacrocorax, re-
pectively), whereas previously the use of shag and
ormorant in the coining of common names was gener-
lly haphazard (see del Hoyo et al., 1992). Within the
hags, van Tets (1976) subgenerically separated the
ing shags (Leucocarbo sensu strictum) from the cliff
hags (Stictocarbo), whereas within the cormorants, he
eparated the macrocormorants (Phalacrocorax s.str.)
rom the mesocormorants (Hypoleucos) and the micro-

cormorants (Microcarbo). Johnsgard (1993) described
van Tets (1976) classification as being perhaps the first
biologically meaningful taxonomy for this group.

Siegel-Causey (1988) used 137 osteological charac-
ters to produce a cladistic phylogeny for the Phalacro-
coracidae (e.g., see Fig. 1). From this morphologically
based phylogeny Siegel-Causey (1988) proposed a clas-
sification of the Phalacrocoracidae with two subfami-
lies (similar to the two genera of van Tets, i.e., the
Leucocarboninae and Phalacrocoracinae; see Fig. 1)
and nine genera (see Table 1). Siegel-Causey’s genera
equate to van Tets’ subgenera (also in their vernacular
terms), apart from splitting one of van Tets’ subgenera,
the king shags (Leucocarbo s.str.), into five separate

Taxa Used

Common name Taxon

Australasian Gannet Morus serrator
Red-footed Booby Sula sula
Japanese Cormorant Phalacrocorax capillatus
Great (Black) Cormorant P. carbo
Double-crested Cormorant P. auritus
Neotropic Cormorant P. brasilianusa

Little Black Cormorant P. sulcirostris
Pied Cormorant P. varius
Little Pied Cormorant P. melanoleucos
mperial Shag P. albiventerb

Macquarie Island Shag P. purpurascens
Guanay Shag P. bougainvillii
Cape Shag P. capensis
Campbell Island Shag P. campbelli

tewart Island Shag P. chalconotus
hatham Island Shag P. onslowi
randt’s Cormorant P. penicillatus

European Shag P. aristotelis
Pitt Island Shag P. featherstoni
Red-legged Shag P. gaimardi
Rock Shag P. magellanicus

elagic Shag P. pelagicus
potted Shag P. punctatus
ed-faced Shag P. urile

Note. We follow Marchant and Higgins (1990) use of a single genu
ormorant in the common name.

a As P. olivaceus (see Browning, 1989).
b Sometimes treated as a subspecies of P. atriceps (e.g., see del Ho
c Placed within the Phalacrocoracinae rather than the Leucocarbo
genera: guano shags (Leucocarbo), blue-eyed shags
(Notocarbo), Campbell Island Shag (Nesocarbo), New
Zealand blue-eyed shags (Euleucocarbo), and the ma-
rine cormorants (Compsohalieus). Siegel-Causey
(1988) placed four of these genera in the Leucocarbo-
ninae, but placed Compsohalieus in the Phalacrocor-
acinae (and hence he described them as the marine
cormorants rather than the marine shags).

The grouping of the marine cormorants and their
placement in the cormorants or shags is the main point
of disagreement between Siegel-Causey’s (1988) and
van Tets (1976) taxonomies. In their parsimony anal-
ysis of many of van Tets’ (1965) behavioral characters,
Kennedy et al. (1996) found that Brandt’s Cormorant
(P. penicillatus), the only marine cormorant in the
analysis, grouped with a shag rather than with any
cormorants. Although the behaviorally based phylog-
eny is more congruent with Siegel-Causey’s (1988) tree
than would be expected by chance alone, the phylog-
enies disagree on the relative placement of several taxa
(see Kennedy et al., 1996). In an attempt to resolve the
position of Brandt’s Cormorant and the other differ-
ences between the behaviorally and the morphologi-
cally based taxonomies and phylogenies, we sequenced
mitochondrial DNA from several species of shags and

This Study

van Tets’ (1976) subgenera Siegel-Causey’s (1988) genera

P. (Phalacrocorax) Phalacrocorax
P. (Phalacrocorax) Phalacrocorax
P. (Hypoleucos) Hypoleucos
P. (Hypoleucos) Hypoleucos
P. (Hypoleucos) Hypoleucos
P. (Hypoleucos) Hypoleucos
P. (Microcarbo) Microcarbo
Leucocarbo (Leucocarbo) Notocarbo
L. (Leucocarbo) Notocarbo
L. (Leucocarbo) Leucocarbo
L. (Leucocarbo) Leucocarbo
L. (Leucocarbo) Nesocarbo
L. (Leucocarbo) Euleucocarbo
L. (Leucocarbo) Euleucocarbo
L. (Leucocarbo) Compsohalieusc

L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo
L. (Stictocarbo) Stictocarbo

or the Phalacrocoracidae and Siegel-Causey’s (1988) use of Shag or

et al., 1992).
ae by Siegel-Causey (1988).
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347THE PHYLOGENY OF THE PHALACROCORACIDAE
cormorants. Sequence data can be used to estimate the
shags’ and cormorants’ phylogenetic relationships and
as a measure of the relative level of divergence among
them. A phylogeny for the group would allow us to
evaluate the existing evidence regarding their evolu-
tionary relationships.

METHODS

Total genomic DNA was obtained for each of the
samples using proteinase K followed by phenol/chloro-
form extraction (the taxa for which samples were ob-
tained are listed in Table 1). Following extraction, the
DNA was amplified for three mitochondrial DNA

FIG. 1. The bootstrap maximum-parsimony tree (1000 replicates
(1988) and our data sets (generated from Siegel-Causey’s data set
purpurascens. Siegel-Causey (1988) used a hypothetical ancestor to
The generic names used here follow Siegel-Causey (1988), who sepa
ninae and Phalacrocoracinae) and nine genera (see Table 1). Simila
in Siegel-Causey’s (1988) study. (The most-parsimonious trees for S
support uniting magellanicus 1 urile 1 pelagicus 1 aristotelis.) The l
genes, the 12S ribosomal RNA gene and the overlap-
ping ATPase 6 and 8 genes. The polymerase chain
reaction (PCR) was used to amplify these regions using
universal primers for 12S (Kocher et al., 1989) and
primers for ATPase 6 and 8 (Kennedy, 1999).

A typical 25-ml double-stranded PCR amplification
contained 0.7–1 ml of extracted genomic DNA, 0.5 mM
each primer, 1 unit of Taq polymerase (Promega), 2.5
ml of 103 Taq buffer (Promega), 1 mM MgCl2 (Pro-
mega), and 200 mM each dNTP. Negative controls were
included with each PCR and all the mixtures were
covered with mineral oil. The reaction began with de-
naturation (94°C for 3 min) followed by 40 cycles of
annealing (1 min) at 55–57°C (for 12S) or 42–45°C (for

r the shags and cormorants that are shared between Siegel-Causey’s
n this tree No. atriceps is equivalent to our P. albiventer and P.
t his tree. The data were treated as stated in Siegel-Causey (1988).
ed the shags and cormorants into two subfamilies (the Leucocarbo-
otstrap values were found for an analysis with all of the taxa used
el-Causey’s data set do not recover the branch with 52% bootstrap
rs associated with the branches refer to splits mentioned in the text.
) fo
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naturation at 94°C (1 min). Final annealing (1 min)
and extension (4 min) steps completed the reactions.
The PCR product was purified using Gelase (Epicentre
Tech.) and then sequenced by an automated sequencer
using either the PCR primers or internal primers (fol-
lowing Kennedy, 1999). Wherever possible, two or
more individuals of a species were sequenced for both
strands of DNA to verify the accuracy of the sequencing
and control for DNA contamination. Ambiguity codes
were used when it was not possible to discriminate
between alternative bases at a site and were analyzed
as uncertainties.

Sequences were aligned by eye. The 12S sequence
was aligned with reference to the seabird data of Pater-
son et al. (1995) and the waterfowl data of Kennedy
and Spencer (2000) and used the secondary structure
model and conserved motifs approach of Hickson et al.,
1996, 2000). All gaps of more than one base were
emoved to avoid mistaken homology. The sequences
ave been submitted to GenBank (Accession Nos.
Y009321–AY009368) and the data matrix and result-
nt phylogenetic trees will be submitted to TreeBASE
http://herbaria.harvard.edu/treebase/). Analyses were
onducted using test versions 4.0d64 and 4.0b4a of
AUP* (Swofford, 2000). Phylogenetic trees were con-
tructed with both maximum-parsimony and maxi-
um-likelihood. The Australasian Gannet (Morus ser-

ator) and Red-footed Booby (Sula sula) were included
as outgroup taxa. We used the partition-homogeneity
test (Farris et al., 1995; Swofford, 2000) to investigate
whether the ATPase and 12S sequences can be ana-
lyzed as a single data set and the PTP test (Faith, 1991;
Faith and Cranston, 1991) and g1 statistic (Hillis and
Huelsenbeck, 1992) to investigate whether the data
contained significant phylogenetic signal. The parsi-
mony trees were estimated using heuristic searches
with 1000 random addition sequences and TBR
branch-swapping. For the maximum-likelihood heuris-
tic search, one of the equally weighted parsimony trees
was used as the starting tree for branch-swapping
(TBR). For the maximum-likelihood analysis, the TIM
substitution model with invariable sites and among-
site rate heterogeneity was selected using the Akaike
information criterion of Modeltest (Posoda and Cran-
dall, 1998). The nucleotide frequencies, gamma shape
parameter for rate heterogeneity (with four rate cate-
gories), substitution rate matrix (with four substitu-
tion types: A-C and G-T; A-G; A-T and C-G; and C-T),
and proportion of invariable sites were all estimated by
maximum-likelihood.

To investigate the support for our trees and the
phylogenetic signal in our sequence data we used boot-
strap analysis (Felsenstein, 1985), decay indices
(Donoghue et al., 1992), and spectral analysis (Hendy
and Penny, 1993). For the bootstrap analyses 1000
replicates were performed using a heuristic search
lihood. The fast heuristic search has been shown to
provide similar (though lower) values than the heuris-
tic search with branch swapping, with the greatest
discrepancy when the bootstrap values are relatively
low (Mort et al., 2000). We used the program Spectrum
2.2 (Charleston, 1998), which implements spectral
analysis, to further investigate the phylogenetic signal
in the data. In spectral analysis, support for a split (a
split is any bipartition of the set of sequences and is
thus equivalent to a branch of a tree) is related to the
number of character state changes that correspond to
that split (i.e., expected number of substitutions per
site), whereas the conflict for a split is the sum of the
support for the splits that conflict with it. For discus-
sions of spectral analysis and its use see Lento et al.
(1995), Page et al. (1998), Kennedy et al. (1999), and

ennedy and Spencer (2000). The program Spectrum
s limited by the number of taxa that it can analyze. To
educe the number of taxa to 20 we excluded 1 of the
utgroup taxa (the Red-footed Booby) and 3 of the
hags and cormorants (the Japanese Cormorant, P.
apillatus; the Chatham Island Shag, P. onslowi; and
he Pitt Island Shag, P. featherstoni). These three
hags and cormorants were selected because they are
niversally accepted as being very similar to their re-
pective sister taxa (e.g., the sequence divergence of
ach pair of taxa is #0.1%; see Table 2). We computed

the spectrum from distance matrices that had been
calculated using the Tamura–Nei model to correct for
superimposed changes (this model allows for unequal
base frequencies and a transition/transversion bias
with two transition classes; Tamura and Nei, 1993). In
addition to computing the spectrum, the program Spec-
trum can calculate the support and conflict values for
any bipartition of interest.

RESULTS

Our alignment gave a 383-bp fragment of 12S,
whereas the overlapping ATPase 6 and 8 coding genes
gave a 758-bp fragment. A partition-homogeneity test
showed that there was no significant difference in phy-
logenetic signal in the ATPase and 12S sequences, and
thus they can be analyzed as a single data set (100
replicates, P 5 0.62). Of the 385 variable sites, 234 of
the characters were parsimony informative. Both
the significantly skewed tree-length distribution
(g1 5 2 0.731 from 10,000 random trees, P ! 0.01;

illis and Huelsenbeck, 1992) and a PTP test (1000
eplicates, P 5 0.001) showed that the data contain

significant phylogenetic signal.
Equally weighted parsimony analysis found four

trees. These four trees differed in the placement of P.
bougainvillii and in the placement of P. sulcirostris
and P. varius as sister taxa or not. Bootstrap analysis
recovered one additional branch, that grouping P. sul-



g
a
d
c
v
o
t
t
s

c
c
(

v
a
m
t
w
o
s
t
l
s
2
s
l
o
s

g
a

TABLE 2

349THE PHYLOGENY OF THE PHALACROCORACIDAE
cirostris and P. varius, in 56% of the replicates. Equally
weighting parsimony analyses assumes that all char-
acters have equal transformation costs, an assumption
that is not necessarily the most realistic (Omland,
1997). As transitions occur more readily than transver-
sions, the effect of homoplasy caused by multiple tran-
sitional changes at a site is lessened if transitions are
relatively downweighted. With the optimality criterion
set to maximum-likelihood the transition to transver-
sion ratio estimated on the equally weighted parsi-
mony trees was approximately 7:1. With the weight of
transversions increased by this ratio we found two
most-parsimonious trees (Fig. 2). As would be expected
if the effect of homoplasy is being reduced or phyloge-
netic signal is accentuated, the consistency index (CI)
and retention index (RI) are better for the trees from
the weighted analysis than for those from the equally
weighted analysis. The two most-parsimonious trees
differ only in the placement of P. bougainvillii. Unlike
the equally weighted parsimony analysis, P. sulciros-
tris and P. varius are sister taxa in both trees and have
ood decay index and bootstrap support (see Figs. 2a
nd 2b). Many of the branches have good bootstrap and
ecay index support. Two branches (those grouping P.
ampbelli 1 P. chalconotus 1 P. onslowi and P. albi-
enter 1 P. purpurascens) that have decay indices of
nly 1 have reasonable bootstrap support, suggesting
hat there is no signal in the data supporting alterna-
ive arrangements of those branches. Although P. on-
lowi was excluded from the analysis, spectral analysis

Tamura-Nei (1993) Distance Matrix: Percentage o

1 2 3 4 5 6 7 8

1 Morus serrator —
2 Sula sula 14.4 —
3 Phalacrocorax carbo 18.0 18.7 —
4 P. penicillatus 16.8 17.8 6.5 —
5 P. campbelli 17.9 18.0 7.1 7.6 —
6 P. capensis 18.1 18.8 4.6 6.6 7.5 —
7 P. onslowi 18.1 18.4 7.1 7.9 0.7 7.4 —
8 P. auritus 17.1 18.8 6.7 7.7 6.2 7.3 6.0 —
9 P. aristotelis 19.2 20.2 7.7 8.7 7.8 7.1 7.7 8.2 —

10 P. bougainvillii 17.0 16.5 6.9 7.8 1.4 7.2 1.7 6.0
11 P. capillatus 17.5 17.6 0.1 6.1 6.9 4.5 6.9 6.5
12 P. sulcirostris 17.2 17.7 4.4 6.2 6.6 5.9 6.8 6.9
13 P. melanoleucos 17.6 18.7 10.6 10.9 10.8 11.0 11.1 12.2 1
14 P. purpurascens 17.5 18.1 7.3 7.7 0.9 7.1 1.0 5.7
15 P. magellanicus 18.3 18.2 6.9 7.6 3.4 6.8 3.6 5.8
16 P. brasilianus 17.6 18.5 6.4 7.4 5.3 6.7 5.3 2.2
17 P. pelagicus 16.4 17.4 6.8 5.2 8.4 7.1 8.4 7.8
18 P. varius 17.7 17.9 5.6 6.8 7.3 6.2 7.5 7.8
19 P. featherstoni 18.5 18.6 6.3 7.3 7.1 5.7 7.4 7.8
20 P. urile 17.7 19.1 7.1 5.7 8.9 7.2 8.8 8.3
21 P. gaimardi 16.9 18.2 9.8 9.2 8.1 9.5 8.7 9.0 1
22 P. albiventer 17.6 18.4 7.4 7.9 1.0 7.7 1.1 5.8
23 P. punctatus 18.5 18.8 6.3 7.3 7.0 5.7 7.2 7.6
24 P. chalconotus 17.9 18.5 6.9 7.8 0.6 7.3 0.0 6.1
onfirms that the branch grouping P. campbelli 1 P.
halconotus (split M) has some support and no conflict
see Fig. 3).

In some circumstances maximum-likelihood pro-
ides a better estimate of the phylogeny, as it is better
t dealing with unobserved substitutions than parsi-
ony (Swofford et al., 1996). The maximum-likelihood

ree (Fig. 4) has the same topology as one of the
eighted parsimony trees (Fig. 2a). With the exception
f those branches that have low decay indices but rea-
onable bootstrap values in the weighted parsimony
rees, the internal branches of the maximum-like-
ihood tree that are very short receive no bootstrap
upport in the weighted parsimony analysis (see Fig.
b). The short internal branches that receive no boot-
trap support receive either little or no support or high
evels of conflict from the spectral analysis (thus some
f the branches are not labeled on Fig. 4 as they are not
hown on Fig. 3 because of their low levels of support).
We used Spectrum to evaluate the bipartitions that

rouped Siegel-Causey’s two subfamilies. Spectral
nalysis found no support (i.e., ,0.001) and very high

conflict for both subfamilies (the Phalacrocoracinae,
split R on Fig. 1, had a conflict of 0.1711 and the
Leucocarboninae, split S on Fig. 1, had a conflict of
0.1507). The positions of 10 of the 22 shags and cormo-
rants in our maximum-likelihood tree, for example, are
incongruent with the existence of these two subfami-
lies (see Figs. 1 and 4).

We tested for the presence of a molecular clock using

equence Divergence between the Different Taxa

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

—
6.9 —
7.5 5.2 —

11.1 10.3 10.8 —
1.3 7.0 7.0 11.0 —
3.5 6.4 7.1 12.1 3.2 —
5.7 6.1 6.5 12.0 5.1 4.9 —
7.8 6.5 6.8 11.3 8.4 7.5 7.4 —
7.6 5.6 3.5 10.9 7.7 7.8 7.8 7.5 —
6.7 6.0 5.1 11.5 7.4 7.3 7.2 7.9 5.4 —
8.4 6.8 7.3 12.4 8.8 8.1 7.9 2.5 8.0 8.0 —
9.1 9.8 9.2 10.7 8.1 9.6 8.5 10.3 9.3 9.1 10.6 —
1.4 7.1 6.9 11.5 0.5 3.1 5.1 8.2 7.7 7.5 8.8 8.3 —
6.6 6.0 5.0 11.5 7.3 7.2 6.9 7.8 5.2 0.0 7.9 9.1 7.3 —
1.6 6.7 7.0 11.0 0.9 3.5 5.4 8.5 7.6 7.5 8.9 8.7 1.0 7.4 —
f S

9

7.5
7.3
7.7
2.6
7.7
8.5
7.1
8.1
8.6
8.5
8.1
0.7
7.9
8.7
7.7
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a likelihood difference test (Felsenstein, 1995) to ascer-
tain whether it was valid to estimate divergence times
from this data set. We computed the likelihoods for our
maximum-likelihood tree both with and without im-
posing a molecular clock constraint and found that we
could not reject the clock hypothesis (log likelihood
difference 5 25.152, x22

2 5 33.924, P . 0.05). This
result shows that it is appropriate to use our data to
estimate divergence times. Because of the variety of
sources of error associated with dating divergence
times, however, the estimates must be treated as only
course approximations (Hillis et al., 1996). Friesen and
Anderson (1997) showed, with reference to the fossil
record, that a rate of change of about 0.2% per million
years for transversions may be used to estimate ap-
proximate divergence times for members of the pele-
caniforms. Although mitochondrial DNA does not nec-
essarily evolve at a linear rate, transversions appear to

FIG. 2. The two weighted parsimony phylograms (tree length 5 1
analysis transversions were weighted 7 times transitions (this ratio a
parsimony trees). Decay indices are shown on (a), and bootstrap valu
to the split that groups albiventer 1 purpurascens 1 chalconotus 1
have done so (Miyamoto and Boyle, 1989; Irwin et al.,
1991). We used the number of transversions calculated
from all possible pairwise comparisons for each of the
divergence points to estimate the divergence times
mentioned in the Discussion. Because of possible errors
in the estimates of the number of transversions and
particularly in the calibration used for their rate of
change, we emphasize that these dates should be
viewed as only a general approximation of the relative
dates of divergence.

DISCUSSION

Although they differed in some areas, van Tets’ be-
havioral and Siegel-Causey’s morphological taxono-
mies are fundamentally similar. We attempted to use
sequence data to resolve the differences between the
two taxonomies. Rather than supporting the similari-

9, CI 5 0.736, RI 5 0.727) generated from our sequence data. In this
oximates the maximum-likelihood estimate on the equally weighted
($50%) from 1000 replicates are shown on (b). The letter (P) relates
slowi 1 campbelli (also see Fig. 3).
77
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351THE PHYLOGENY OF THE PHALACROCORACIDAE
ties and resolving the differences between the two tax-
onomies, however, our sequence-based phylogenies
question several of the groups present in those taxon-
omies. Our sequence data thus suggest that the evolu-
tionary history of the shags and cormorants is quite
different from that implied by either the behavioral or
the morphological taxonomies.

Our estimates of the phylogeny of the shags and
cormorants are fairly robust to the method of phyloge-
netic reconstruction and weighting scheme used: the
maximum-likelihood tree is one of the two weighted
parsimony trees. These two trees differ only in the
placement of the Guanay Shag (P. bougainvillii), which
has an extremely short internal branch (see Fig. 4).
The equally weighted parsimony trees differ addition-
ally in the placement of the Little Black (P. sulcirostris)
nd Pied Cormorants (P. varius) as sister taxa or not,
lthough bootstrap analysis did recover this pairing
with 56% support). The weighted parsimony trees
rouped these two species with good decay index (14)
nd bootstrap support (89%). The monophyly of this
air of taxa is uncontroversial (Johnsgard, 1993), thus
uggesting that the relative downweighting of transi-
ions may provide a better estimate of the phylogeny.
his finding reinforces the concept that some correc-
ion for multiple substitutions is better than none
hen estimating a phylogeny (Huelsenbeck, 1998).
iven that the maximum-likelihood tree is one of the

wo weighted parsimony trees, the increased level of
orrection afforded by maximum-likelihood over
eighted parsimony makes little difference for this
ata set (the two trees differ by a 2Ln likelihood of
nly 0.318). Most of the branches of the weighted par-

FIG. 3. The support/conflict spectrum. The splits are labeled
alphabetically following Penny et al. (1999). The splits are ordered
left to right by their (positive) support values (i.e., expected number
of substitutions per site), with the (negative) conflict values normal-
ized following Lento et al. (1995). Splits equating to terminal
ranches are not shown. (Some splits mentioned in the text are
hown only on Fig. 1.)
ranches receive less than 50% bootstrap support (and
ow decay indices) and thus represent poorly supported
arts of the phylogeny.
With the exception of grouping the Little Black and

ied Cormorants, the branches of the tree that are well
upported in the weighted parsimony analysis were
lso well supported in the equally weighted parsimony
nalysis. The Little Pied Cormorant (P. melanoleucos),
ne of the microcormorants, is the most basal member
f the Phalacrocoracidae in all of our analyses with
easonable decay index and bootstrap support in the
arsimony analysis. Spectral analysis also showed
ood support (0.0072) and little conflict (0.0010) for
lacing the Little Pied Cormorant as the most basal of
he shags and cormorants (split G, Fig. 4). Our esti-
ates suggest that this lineage diverged from the other

ormorants and shags about 12 million years ago. Al-
hough we were unable to obtain samples from any
ther members of the microcormorants, they are mor-
hologically and behaviorally very similar (see Siegel-
ausey, 1988; Johnsgard, 1993), and there is no reason

o believe that they may not be a monophyletic group.
he Red-legged Shag (P. gaimardi), one of the cliff
hags (i.e., Stictocarbo sensu Siegel-Causey and van
ets), was consistently placed as the next most basal
ember of the family, with a high decay index and

igh bootstrap support in the parsimony analysis. The
evel of support for, and length (see Fig. 4) of, the
ranch grouping all of the shags and cormorants apart
rom Little Pied Cormorant and the Red-legged Shag
97% bootstrap support and a decay index of 21 for the
eighted parsimony analysis, and very high support

rom spectral analysis for split C—though not sup-
orted by likelihood bootstrap analysis) strongly sug-
ests that these two taxa represent the most basal
ineages of this group. Our estimates suggest that this
ineage diverged around 5 million years ago. The posi-
ion of the Red-legged Shag suggests that the cliff
hags do not form a monophyletic group.
As expected (see Siegel-Causey, 1988; Johnsgard,

993), there is high decay index and bootstrap support
or the Great (P. carbo) and Japanese (P. capillatus)
ormorants as sister taxa. The Cape Shag (P. capen-
is), one of van Tets’ king shags and Siegel-Causey’s
uano shags, grouped with the Great and Japanese
ormorants (with 84% bootstrap support for weighted
arsimony). As already mentioned, the weighted par-
imony analysis gives high bootstrap support for
rouping the Little Black and the Pied Cormorants,
nd both maximum-likelihood bootstrap and spectral
nalyses also support that grouping (split I, Fig. 4).
upport for the sister taxa relationship of the Spotted

P. punctatus) and Pitt Island (P. featherstoni) Shags is
very strong and there is some support for grouping the
Spotted and Pitt Island Shags with the Little Black
and Pied Cormorants. The sister taxa status of the
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Pelagic and Red-faced Shags (P. pelagicus and P. urile)
s strongly supported by our data (split A, Fig. 4; 96–
00% bootstrap support). There is also strong support
or grouping Brandt’s Cormorant with the Pelagic and
ed-faced Shags (split F, Fig. 4; 79–98% bootstrap
upport). The relationships between these different
roups (i.e., carbo 1 capillatus 1 capensis, sulciros-
ris 1 varius 1 punctatus 1 featherstoni, aristotelis,
nd pelagicus 1 urile 1 penicillatus) are, however,
oorly supported with low decay indices and ,50%
ootstrap support. Spectral analysis finds some sup-
ort but high conflict for this grouping as a whole (split
, Fig. 4).
The sister taxa status of the Double-crested and Neo-

FIG. 4. The maximum-likelihood phylogram generated from our
lengths represent the estimated proportion of substitutions per site.
tree for branch-swapping. The -Ln likelihood is 5166.13555. The let
asterisked taxa are those not included in the spectral analysis; thus,
The group labels are annotated as (vT) or (S-C) if they differ betwee
ropic Cormorants (P. auritus and P. brasilianus) is
ery strongly supported (split B, Fig. 4; 99–100% boot-
trap support). There is also reasonable support for
rouping this pair as sister taxa to the group of magel-
anicus 1 bougainvillii 1 albiventer 1 purpurascens 1

chalconotus 1 onslowi 1 campbelli, with a decay index
of 10 and bootstrap support of 82% for weighted parsi-
mony, as well as good support and no conflict from the
spectral analysis (see split H, Fig. 4). Our estimates
suggest that this lineage diverged about 3 million
years ago. There is strong bootstrap, decay index, and
spectral analysis support for the group of magellani-
cus 1 bougainvillii 1 albiventer 1 purpurascens 1
halconotus 1 onslowi 1 campbelli (i.e., split D, Fig. 4)

uence data. The topology is the same as that in Fig. 2a. The branch
e of the equally weighted parsimony trees was used as the starting
s associated with the branches refer to splits labeled in Fig. 3. The

branches grouping them with their sister taxa were not evaluated.
he two taxonomies.
seq
On
ter
the
n t



p
c
f
b
s
a
o
t
a
c

s
T
a
S
i
m
q
c
s
m
a
q
c
a
o
t
t
r
S

w
t
t
g
i
W
d
t
p
s
t
b

M

G
a
t
(
s
G
(
h
I
n
C
s
i
T
w
t
m
S
o
u
C

M

r
(

TABLE 3

M
C
K

o

353THE PHYLOGENY OF THE PHALACROCORACIDAE
and strong support for the Rock Shag (P. magellanicus)
being the most basal of this group (i.e., split E, Fig. 4).
Because so few transversions have accrued between
these taxa, this group (i.e., split D, Fig. 4) appears to
have diverged within the last half million years or so.
Within the remaining taxa (i.e., bougainvillii 1 albi-
venter 1 purpurascens 1 chalconotus 1 onslowi 1
campbelli), the position of the Guanay Shag is unre-
solved, but the relationships of the other taxa receive
some support. The monophyly of the Imperial Shag (P.
albiventer) and the Macquarie Island Shag (P. pur-

urascens) has a low decay index, but no apparent
onflicting signal, and there is some bootstrap support
or the group. Similarly, there are short internal
ranches and low decay index values for the relation-
hips within the Campbell Island (P. campbelli), Stew-
rt Island (P. chalconotus), and Chatham Island (P.
nslowi) Shags but reasonable bootstrap support. Spec-
ral analysis shows that these branches (i.e., splits Q
nd M, Fig. 4) are not strongly supported, but have no
onflict.

The phylogenies estimated from our sequence data
uggest that several of Siegel-Causey’s (1988) and van
ets’ (1976) groups are not monophyletic. The shags
nd cormorants (as diagnosed by either van Tets or
iegel-Causey; see Table 1 and Fig. 4), for instance, are

ntermingled with one another and thus do not form
onophyletic groups (the comparisons between our se-

uence phylogeny and the behavioral and morphologi-
al phylogenies show that our sequence data does not
upport the monophyly of either the shags or the cor-
orants). Given the interspersed nature of the shags

nd cormorants within our molecular tree, our initial
uestion regarding resolving the position of the marine
ormorants becomes less compelling. We are, however,
ble to resolve the position of Brandt’s Cormorant, the
nly marine cormorant for which we were able to ob-
ain samples. In all of our estimates of phylogeny,
here is strong support for grouping Brandt’s Cormo-
ant as the sister taxon to the Pelagic and Red-faced
hags (split F, Fig. 4). If the shags and cormorants

Evidence from the Sequence Data against t

Group
Siegel-Causey’s

taxonomy Split labeled in Fi

esocormorants Hypoleucos T
liff shags Stictocarbo U
ing shags Leucocarboninae b

2 Stictocarbo
1 Compsohalieus

Guano shags Leucocarbo V

a Required for the weighted parsimony trees if each group was cons
f 1779).

b Not shown in any figure. Leucocarbo s.str. of van Tets; see Table
ere monophyletic groups, this finding would appear
o favor the behavioral rather than the morphological
axonomy. Brandt’s Cormorant does not, however,
roup with members of the king shags as the behav-
oral taxonomy suggests, but with two of the cliff shags.

hile the morphological and behavioral taxonomies
iffer mainly in the position of the marine cormorants,
he differences between our phylogeny and the mor-
hological and behavioral phylogenies suggest that
everal of their groups may not be monophyletic, and
hus we reevaluate the support for each of these groups
elow.

acrocormorants

The macrocormorants (Phalacrocorax) comprise the
reat and Japanese Cormorants. Our phylogeny
grees with both the morphological and the behavioral
axonomies and places these two species as sister taxa
e.g., see Fig. 4). Interestingly, our phylogeny strongly
upports placing the Cape Shag as sister taxon to the
reat and Japanese Cormorants. Prior to van Tets’

1976) placement of the Cape Shag within the shags, it
ad been affiliated with several taxa, including the
ndian Cormorant (P. fuscicollis), Socotra Shag (P.
igrogularis), Bank Cormorant (P. neglectus), Brandt’s
ormorant, and the Great Cormorant (see Siegel-Cau-
ey, 1988). Siegel-Causey (1988) placed the Cape Shag
n the guano shags (Leucocarbo), a subdivision of van
ets’ king shags. Our sequence-based tree disagrees
ith both van Tets’ (1976) and Siegel-Causey’s (1988)

axonomies but agrees with one of the historical treat-
ents (von Boetticher, 1937) in affiliating the Cape
hag with the Great Cormorant. We cannot comment
n several of the historical treatments, as we were
nable to obtain samples from the Indian and Bank
ormorants and Socotra Shag.

esocormorants

In our sequence-based phylogeny, the mesocormo-
ants (Hypoleucos) do not form a monophyletic group
see Table 3), with the Double-crested 1 Neotropic

Monophyly of Some Hypothesized Groups

Number of additional stepsa

Spectral analysis

Support Conflict

44 ,0.0001 0.0731
146 ,0.0001 0.1809
113 ,0.0001 0.1308

52 ,0.0001 0.1196

ined to be monophyletic (the weighted parsimony trees have a length
he

g. 1

tra

1.
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354 KENNEDY, GRAY, AND SPENCER
being placed in different parts of the tree (e.g., see Fig.
4). Biogeographically, the two pairs of taxa make
sense, with support for grouping the Double-crested
and Neotropic Cormorants from the Americas and
grouping the Little Black and Pied Cormorants from
Australasia (the Little Black Cormorant is also found
in Indonesia). We were unable to obtain samples from
the Indian Cormorant, which Siegel-Causey (1988)
tentatively placed in the mesocormorants. If the Indian
Cormorant is closely affiliated with any of the meso-
cormorants, biogeographically it is more likely to be
affiliated with the Little Black and Pied Cormorants
than with the Double-crested and Neotropic Cormo-
rants.

Microcormorants

In our trees, the microcormorants (Microcarbo) form
one of the two most basal lineages within the shags and
cormorants. We were able to obtain samples from only
the Little Pied Cormorant, but historically the micro-
cormorants have always been viewed as a group (see
Johnsgard, 1993), being morphologically distinct (Sie-
gel-Causey, 1988), with small bodies and short bills.
This group is so distinct that it is one of the few groups
to have sometimes been given separate generic status
by earlier taxonomists (e.g., Peters, 1931). Thus, in the
absence of contradictory information, it seems reason-
able to assume that the microcormorants are a mono-
phyletic group. Although the sequence data provides
support for the microcormorants being the most basal
lineage within the shags and cormorants, without sam-
ples from other members of the group we cannot be
certain that they are the most basal lineage. Adding
other taxa from this group would break up the long
terminal branch of the Little Pied Cormorant and en-
sure that its basal positioning was not because its
relatively long terminal branch is attracted to the out-
group.

Cliff Shags

The cliff shags (Stictocarbo) are not supported as
group (see Table 3) and appear to be polyphyletic (e.g.,
see Fig. 4). Of the cliff shags, the position of the Euro-
pean Shag (P. aristotelis) varies the most between our

ifferent analyses and it has a very short internal
ranch and long terminal branch (see Fig. 4). Spectral
nalysis shows that the European Shag is attracted to
ore than one part of the tree, with approximately

qual support and high conflict for placing it near ei-
her the Neotropic and Double-crested Cormorants
i.e., split N, aristotelis 1 auritus 1 brasilianus 1
agellanicus 1 bougainvillii 1 albiventer 1 purpura-

cens 1 chalconotus 1 onslowi 1 campbelli) or the
roup that includes the Spotted and Pitt Island Shags
i.e., split O, Fig. 4). Similarly, there is support for
lacing the group of Brandt’s Cormorant and the Pe-
ence the high level of conflict for their position in the
eighted parsimony and maximum-likelihood trees

i.e., split O, see Fig. 4). The lack of bootstrap support
nd high conflict levels from the spectral analysis for
ome branches in our molecular analyses (see Figs. 2b
nd 4) indicate that our data are unable to resolve
hese particular relationships.

Murphy (1936) suggested that the Red-legged Shag
as most closely related to the Spotted Shag of New
ealand (presumably because both are grey and be-
ause of their relative geographical proximity; see Sie-
el-Causey, 1987). Support for grouping the Red-
egged Shag with the cliff shags has also come from
oth behavioral (van Tets, 1976; Siegel-Causey, 1987)
nd morphological (Siegel-Causey, 1988) sources. The
ed-legged Shag’s relatively well-supported position in
ur trees as the second-most basal branch within the
hags and cormorants, however, indicates that it is not
losely related to the Spotted Shag.

ing Shags

The king shags of van Tets (1976) (Leucocarbo s.str.)
re not a monophyletic group (see Table 3) because of
he well-supported positions among other groupings of
he Cape Shag and Brandt’s Cormorant (e.g., see Fig.
). Excluding the Cape Shag and Brandt’s Cormorant,
owever, unlike in Siegel-Causey’s (1988) phylogeny
see Fig. 1), the different blue-eyed shags do form a
losely related monophyletic group (split E; if the Rock
hag is excluded, the genetic distances within the blue-
yed shags are #1.7%; see Table 2). Of the different
enera that Siegel-Causey (1988) erected from van
ets’ king shags, the guano shags (Leucocarbo) are not
monophyletic group (see Table 3), with the Cape

hag and Guanay Shags falling in different parts of the
ree (e.g., see Fig. 4). As mentioned previously, our
ata group the Cape Shag with the Great and Japa-
ese Cormorants and the Brandt’s Cormorant with the
elagic and Red-faced Shags.
The Rock Shag was generally perceived as a member

f the blue-eyed shags (e.g., Murphy, 1936; Voisin,
970, 1973) until both behavioral (van Tets, 1976; Sie-
el-Causey, 1986) and morphological (Siegel-Causey,
988) information placed it with the cliff shags. Spec-
ral analysis, bootstrap analysis, and decay indices,
owever, all strongly support the position of the Rock
hag (split D, Fig. 4) in our trees, well away from other
liff shag species, and, as was previously thought, it
ppears to be either a basal blue-eyed shag or the sister
axon to the blue-eyed shags. Our estimate of diver-
ence for this group suggests that the Rock Shag and
he other blue-eyed shags share a common ancestor
ithin the last half million years or so.
Our phylogeny shows that the Guanay Shag belongs
ithin the blue-eyed shags, but we are unable to re-

olve its exact position within that group. We get no
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Guanay Shag in our analyses. Spectral analysis, how-
ever, provides some support for the Guanay Shag’s
position in one of the weighted parsimony trees (split
P, Fig. 2b). Although the support for this split is rela-
tively low there is no support for any conflicting splits
(i.e., no conflict for that split; see Fig. 3). Whereas
Siegel-Causey’s (1988) phylogeny (see Fig. 1) placed
the Guanay Shag as sister taxon to the Cape Shag, our
placement of the Guanay Shag with the blue-eyed
shags agrees with both Murphy (1936) and Devillers
and Terschuren (1978). Devillers and Terschuren
(1978) argued that the external morphology of the
Guanay Shag is little more different from that of the
other South American blue-eyed shags than the Camp-
bell Island Shag’s is from the other New Zealand blue-
eyed shags. Devillers and Terschuren (1978) also ob-
served what they thought to be a hybrid Guanay and
South American blue-eyed shag. Murphy (1936) sug-
gested that Guanay Shag was a northern relative of
the pan-antarctic blue-eyed shags and that it also re-
sembled the Rock Shag. In discussing the Guanay
Shag’s foraging mode, Murphy (1936) suggests that to
his knowledge only the Cape Shag has developed a
similar method of flock-fishing on surface organisms.
Murphy (1936) went on to suggest that, whereas the
Guanay and Cape Shags are not closely related, their
similar habitat and the interaction between them and
that environment has led to such similarities. Conver-
gences in osteology caused by convergent foraging
mode could possibly explain why Siegel-Causey’s
(1988) phylogeny placed the Guanay and Cape Shags
as sister taxa.

Marine Cormorants

As we were able to obtain samples from only one of
the marine cormorants, we are unable to examine their
monophyly. As Siegel-Causey’s (1988) osteological
analysis was the first to identify this group and given
the disparity between our and Siegel-Causey’s phylog-
enies, it is possible that sequence data would not sup-
port the monophyly of the marine cormorants. As noted
previously, in our analyses there is strong support for
placing Brandt’s Cormorant as sister taxon to the Pe-
lagic and Red-faced Shags (split F). All three species
are distributed along the Pacific Coast of North Amer-
ica, with the distribution of the Pelagic Shag overlap-
ping with those of both the Red-faced Shag and the
Brandt’s Cormorant (Johnsgard, 1993).

Taxonomy

Of the groups that van Tets’ (1976) and Siegel-Cau-
sey’s (1988) taxonomies support, our data support the
monophyly of the macrocormorants and Siegel-Cau-
sey’s blue-eyed shags (Notocarbo) and New Zealand
blue-eyed shags (Euleucocarbo), but because of a lack
of samples from certain taxa we cannot comment on
morants. Our data do not support the monophyly of
several groups, including the shags, cormorants, meso-
cormorants, cliff shags, van Tets’ king shags, and Sie-
gel-Causey’s guano shag’s as discussed above. The king
shags of van Tets (1976), for example, form a group in
our analyses only if the Cape Shag and Brandt’s Cor-
morant are excluded from the group. Whereas our
trees support a monophyletic grouping of the blue-eyed
members of the king shags (i.e., excluding the Cape
Shag and Brandt’s Cormorant), Siegel-Causey’s (1988)
phylogeny suggests that they are a paraphyletic group.
Similarly, the cliff shags are not monophyletic because
the Red-legged and Rock Shags do not fall within the
group in our analyses. Excluding those two taxa, the
group still does not appear to be monophyletic, but the
branches that separate the Pelagic, Red-faced, Euro-
pean, Spotted, and Pitt Island Shags are not particu-
larly well resolved. Because of the lack of support for
these branches we cannot categorically state that these
taxa are not a monophyletic group, but if they are a
group, that group also needs to include Brandt’s Cor-
morant.

Because we lack several taxa and resolution in parts
of our phylogeny, it in itself does not warrant a revision
of the taxonomy of the group. Given the lack of resolu-
tion and the levels of sequence divergence (see Table 2),
we favor a conservative approach regarding the num-
ber of genera recognized. Until a more robust and
complete phylogeny is available the use of the single
genus, Phalacrocorax, appears sensible, as criteria for

elimiting genera would be difficult to diagnose.

equence and Morphology

Our sequence-based phylogenies and Siegel-Cau-
ey’s (1988) morphologically based phylogeny are dra-
atically different from one another. Although there is

o reason to assume that sequence data is necessarily
ny less homoplasious than morphological data (Sand-
rson and Donoghue, 1989), it has been suggested that
hen sequence- and morphology-based phylogenies
isagree with one another, the morphological charac-
ers may need to be reexamined (Hedges and Sibley,
994; Siegel-Causey, 1997). Siegel-Causey (1988)
tated that his morphological tree contained consider-
ble evidence of convergence and reversal, some of
hich may be due to errors in the assessment of ho-
ology, but is more typically associated with charac-

ers that are probably adaptations for flight and feed-
ng. Whereas Siegel-Causey (1988) was able to identify
omoplasious characters by mapping them onto his
hylogeny, other homoplasious characters within his
steological data may become apparent only when
apped onto an independently derived phylogeny (i.e.,

ecause parsimony may have incorrectly grouped some
axa because of the homoplasious characters). Thus, by
apping the morphological characters onto the se-
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indication of the level of homoplasy in that data set.
When the number of changes required was calculated
for Siegel-Causey’s (1988) data on both the maximum-
likelihood and the morphological trees, the number of
changes altered for 63 of the 137 characters. Four of
these characters appeared less homoplasious on the
sequence tree, whereas the number of steps required
increased by 3 or more for 34 of the characters. Al-
though our tree is generally quite well supported, there
are parts of the phylogeny that lack support, that may
be inaccurate, and that thus accentuate the differences
between the sequence and the morphological phylog-
enies.

Some external morphological characteristics that
have traditionally been used to imply evolutionary re-
lationships do appear to covary with phylogeny. Foot
color, for example, fits our phylogeny well (see Fig. 5a),
although the utility of soft body parts as taxonomic
markers has been questioned, in part because of
changes in coloration between live/fresh and dried
specimens (see Murphy, 1936). The foot color of the
majority of the shags and cormorants is some slight
variation on black. The Little Pied Shag’s feet are black
(as are those of the other microcormorants), and thus
black appears to be the ancestral foot color for this
group. Different foot colors have evolved in three lin-
eages, one of which is the bright red of the Red-legged
Shag. A second foot color to evolve is the orange/yellow
coloration of the Spotted and Pitt Island Shags, and the
third different foot color to evolve is the pink or flesh
color, which is shared by the Rock, Guanay, Campbell
Island, Chatham Island, Stewart Island, Macquarie
Island, and Imperial Shags. Foot color does not, how-
ever, fit Siegel-Causey’s phylogeny well (see Fig. 5b).
When mapped onto Siegel-Causey’s phylogeny, foot
color requires five evolutionary changes as opposed to
the minimal three required by our phylogeny. Accord-
ing to Siegel-Causey’s phylogeny foot color does not
appear to be a good systematic character (see Kennedy
et al., 1993), whereas our molecular phylogeny sug-
gests that foot color is a good systematic character.

Some other traditional morphological characteristics
do not closely covary with phylogeny. The pink-footed
shags are also often called the blue-eyed shags (e.g., see
Murphy, 1936; del Hoyo et al., 1992). The blue-eyed
hags are named for the color of their eyelids or eye-
ings, but the name is a misnomer: the Rock Shag has
red eyelid; the Guanay Shag has a green eye-ring; the
ampbell Island, Chatham Island, and Stewart Island
hags’ eye-rings are variations on purple; and the Mac-
uarie Island and Imperial Shags’ eye-rings are varia-
ions on blue (according to the species’ accounts in
ohnsgard, 1993). Some other shags and cormorants
lso have blue eye-rings (e.g., the Pied Cormorant), and
ye-ring color appears to be quite variable. Thus, al-
hough the presence of blue eyes is not diagnostic of the
blue-eyed shags, because their blue eyes covary with
other morphological and ecological characters (see
Murphy, 1936) that do allow a natural group to be
diagnosed (i.e., the pink-footed shags), the term blue-
eyed shag provides a useful name. Thus, unlike foot
color, some external morphological characters that
have been used to imply evolutionary relationships
may not covary with phylogeny. As another example,
the grey plumage of the Red-footed Shag and the Pitt
and Spotted Shags appears to be have been derived
independently in the two lineages.

Sequence and Behavior

Our sequence-based phylogenies and the behavior-
ally based phylogeny (Kennedy et al., 1996) are sub-

FIG. 5. The foot color of the shags and cormorants mapped onto
(a) our maximum-likelihood tree topology (3 steps, CI 5 1.0) and (b)
Siegel-Causey’s tree topology (5 steps, CI 5 0.6). The information on
oot color was taken from the species’ accounts in Johnsgard (1993).
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that the sequence and behavioral trees have in com-
mon (i.e., the two outgroup taxa, P. carbo, P. auritus, P.
brasilianus, P. varius, P. penicillatus, P. aristotelis, P.
pelagicus, and P. urile) we mapped the behavioral
characters onto the topologies of the behavioral and
sequence trees. Different numbers of steps were re-
quired for 12 of the 37 behavioral characters when
mapped onto the sequence tree rather than the behav-
ioral tree. Two of those characters required one fewer
step on the sequence tree than on the behavioral tree,
whereas the other 10 characters required one addi-
tional step when mapped onto the sequence tree. The
bowing display (character 2 of Kennedy et al., 1996), for
example, appears to have been lost twice when mapped
onto the behavioral phylogeny, whereas the sequence
tree requires bowing to have been lost three times. It
has been argued that complex characters, including
behavioral displays, are more likely to be gained once
and lost several times than to be independently gained
in more than one lineage (Paterson et al., 1995;
Kennedy et al., 1996; Omland, 1997). If the behavioral
characters are assumed to have evolved just once, the
number of losses required for several of the characters
is similar for both the behavioral and the sequence
trees. Nest-worrying (character 36 of Kennedy et al.,
1996), for example, requires a minimum of three steps
on the behavior tree and a minimum of four steps on
the sequence tree. On the behavioral tree those three
steps must all be gains, whereas on the sequence tree
the four steps can be either three gains and one loss or
four gains. If, however, nest-worrying is constrained to
have evolved just once, the behavioral tree requires the
gain and four losses, whereas the sequence tree also
requires the gain and four losses. Thus, if the behaviors
are allowed to be more easily lost than gained, the
sequence and behavior trees do not necessarily dis-
agree about the level of homoplasy in the behavioral
data. The homoplasy in the behavioral data is thus
more likely to be caused by the loss of behaviors than
by their convergent gain.

Biogeography

The well-supported portions of our phylogeny allow
for speculation on the biogeographic origins of some of
the shags and cormorants. The group of Brandt’s Cor-
morant and the Red-faced and Pelagic Shags, for ex-
ample, is unexpectedly well supported. Grouping
Brandt’s Cormorant and the Red-faced and Pelagic
Shags makes biogeographic sense, given that these
species all inhabit the north Pacific coasts of North
America and Asia. Whereas the Pelagic Shag inhabits
most of this range, the Red-faced Shag is restricted to
Alaska and north of Japan and the Brandt’s Cormorant
is restricted to the North American coast (see Johns-
gard, 1993). Brandt’s Cormorant and the Pelagic Shag
overlap in their ranges, but avoid competition for nest
Pelagic Shags nest on cliffs. Similarly, although their
preferred prey species also overlap, the Brandt’s Cor-
morant and Pelagic Shag decrease the effect of compe-
tition by utilizing different foraging microhabitats
(Johnsgard, 1993). If cliff nesting evolved indepen-
dently in several lineages (alternatively cliff nesting
may have evolved once and subsequently changed to
other forms of nesting), the shift to cliff nesting may
constrain or force certain morphological and behav-
ioral changes. Thus, those characters that have been
used to group the cliff shags may represent adapta-
tions to cliff dwelling rather than common ancestry.
Alternatively, if cliff nesting evolved just once, the
characters used to group the cliff shags may have
evolved just once, but subsequently been changed in
several lineages.

Another unexpected group in our sequence tree
placed the Cape Shag with the Great and Japanese
Cormorants (the behavioral and morphological taxon-
omies both placed the Cape Shag in the shags). Siegel-
Causey’s (1988) phylogeny places the Cape Shag as
sister taxon to the Guanay Shag (as discussed above,
our phylogeny places the Guanay Shag as a relatively
northern representative of the blue-eyed shags; see
Murphy, 1936) in a group that includes the Socotra
Shag (P. nigrogularis). Biogeographically Siegel-Cau-
sey’s grouping is difficult to accept, as the Cape Shag is
restricted to the coastline of southwestern Africa, the
Guanay Shag is found on the coast of South America
(particularly the Pacific coast), and the Socotra Shag
comes from the Persian Gulf (Johnsgard, 1993). As
noted by Murphy (1936), rather than being closely
related, the Cape and Guanay Shags may appear sim-
ilar because of the similarity of their habitats. Thus, in
some instances within the shags and cormorants, geo-
graphical proximity may be a better indicator of phy-
logenetic affinity than characters associated with inde-
pendent radiations into similar ecological niches (e.g.,
nest types or foraging strategies). As with the taxon-
omy of this group, until a robust phylogeny with more
of the extant taxa is available, global hypotheses about
the biogeographic origin of the shags and cormorants
will be difficult to evaluate.
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